Aims To document the family transmission of Type 2 diabetes to men and women.
Introduction
The transmission of Type 2 diabetes within the family is well established. In the Framingham Offspring Study, the odds ratios for offspring to have diabetes were 3.5 or 3.4 if the father or the mother has diabetes, respectively, and 6.1 if both have diabetes [1] ; in the European InterAct study, these hazard ratios were 3.17 and 2.88 respectively, and 5.14 if both parents have diabetes [2] .
As discussed by Meigs et al. [1] , some studies, but not all, have shown that diabetes is maternally rather than paternally transmitted; however, few studies have assessed family transmission according to the sex of the index case. In the InterAct study, the hazard ratios associated with a firstdegree family history of diabetes were 2.64 for men and 2.77 for women, essentially identical [2] . By contrast, in two cross-sectional studies of people with Type 2 diabetes, more women than men had a parental transmission of diabetes [3, 4] .
In the present study, we analyzed incident diabetes in men and women according to the presence of diabetes in first-and second-degree family members, and in particular in their father and their mother. The impact of a genetic risk score with 65 diabetes-related loci and maternal transmission of diabetes was also investigated.
Methods

Study population
The present cohort study used data from the Epidemiological Study on Insulin Resistance syndrome (D.E.S.I.R.) including
Correspondence to: Beverley Balkau. E-mail beverley.balkau@inserm.fr ª 2017 Diabetes UK 5212 men and women, aged 30-65 years in the period 1994-1996 [5] . Participants were recruited from volunteers attending free-of-charge health examinations, provided by the French Social Security, in 10 health examination centres in western France. All participants signed informed consent, and the protocol was approved by the ethics committee of Kremlin Bicetre Hospital, Paris.
Participants were examined with biological and clinical tests and they completed a questionnaire at inclusion and every 3 years for 9 years.
Diabetes was defined as being on glucose-lowering medication or having a fasting plasma glucose concentration ≥ 7.0 mmol/l. Incident cases of diabetes were identified at one of three 3-yearly examinations. None of the incident cases of diabetes was treated with insulin, thus the study was concerned with incident Type 2 diabetes.
The study population included men and women who provided information on their family history of diabetes, and who had information on glucose and glucose-lowering treatment at least once after the baseline examination (Fig. 1) .
Ascertainment of a family history of diabetes
The examining physician noted the family history of diabetes as recounted by the participant, but whether it was Type 1 or Type 2 diabetes was not recorded. In France~8% of people with diabetes have Type 1 diabetes, and so few family members would have Type 1 diabetes. For the father, mother and grandparents, the presence of diabetes was coded into five classes: no diabetes; diabetes before age 60 years; diabetes at or after age 60 years; diabetes, age not known; and not known. 
What's new?
• Few studies have assessed parental transmission of Type 2 diabetes to sons and daughters.
• We found a higher 9-year risk of diabetes in daughters who had fathers or mothers with diabetes, with a slightly higher risk from mothers with diabetes. No statistically significant association was seen for sons.
• A diabetes genetic risk score predicted diabetes in both sons and daughters, but in daughters this little attenuated the risk associated with a first-degree family history of diabetes.
• If the results of the present study are confirmed, more attention may need to be paid to screening and preventing diabetes in women with a family history of diabetes with diabetes was noted: sons, daughters, brothers, sisters, paternal uncles or aunts, maternal uncles or aunts. Firstdegree family members were defined as parents, siblings or children, and we counted the number of family members involved. Second-degree family members were defined as paternal/maternal grandparents, paternal/maternal aunts and uncles.
Measures
The examining physician recorded pharmaceutical treatment for diabetes and hypertension. Current smoking was assessed using a questionnaire. We measured weight and height in lightly clad participants to calculate BMI, waist circumference and resting blood pressure. Hypertension was defined as systolic and/or diastolic blood pressures ≥140 and/or 90 mmHg and/or being on medication for hypertension. All biochemical measurements were from one of four health centre laboratories located in France at Blois, Chartres, La Riche or Orl eans. Fasting plasma glucose was measured by the glucose oxidase method in fluoro-oxalated plasma using a Technicon RA100 (Bayer Diagnostics, Puteaux, France) or a Specific or a Delta device (Konelab, Evry, France). Fasting plasma glucose was standardized across laboratories and time periods, according to gender and age.
As there were few missing data, these were replaced by sex-specific means (waist circumference: n=9, glucose: n=4), or by modal values (smoking: n=8, hypertension: n=1).
Genetic risk score
The genetic risk score was developed from 65 independent loci associated with Type 2 diabetes in the DIAGRAMv3 meta-analysis [6] . Each loci was coded as follows: 0, noncarrier; 1, heterozygous carrier; or 2, homozygous carrier. The score was the sum of the number of carrier alleles. This risk score was associated with incident diabetes in the D.E.S.I.R. study, with a hazard ratio of 1.07 (95% CI 1.03, 1.10; P=0.0002) for each additional at-risk allele, after adjusting for sex, age and BMI at baseline [6] .
Statistical methods
Analyses were carried out using SAS Version 9.4 (SAS Institute Inc. Cary, NC USA).
Participants included in the analysis (n=4469) were compared with those not included (n=743) using t-tests and chi-squared tests. Characteristics of men and women were described using means (SD) or percentages, and compared using t-tests and chi-squared tests, according to whether the person had incident diabetes. Interactions with sex were tested using linear and logistic regression models.
Kaplan-Meier curves for incident diabetes were derived for each sex, according to whether participants had a firstdegree family history of diabetes; curves were compared using the log-rank test (Fig. 2) .
As participants were only seen every 3 years, we used statistical methods for interval-censored data and the SAS procedure ICPHREG, with the baseline hazard function estimated by splines with three knots. Age-adjusted hazard ratios were also estimated for various family members and additionally for the genetic risk score; interactions with sex were tested. Further multivariable models included both the genetic risk score and a first-degree family history of diabetes, and adjusted for the known risk factors in this cohort, waist circumference, hypertension and smoking, as well as age [5] .
Sensitivity analyses for the main result used an ageadjusted Cox model, and the time of incident diabetes was coded mid-way between examinations before and after the onset of diabetes; a further analysis used a Cox model with age as the time scale.
Logistic regression models were used to study the transmission of diabetes from the grandparents to the mothers and fathers of our participants.
Results
The participants included in the present study were less often smokers, had hypertension less frequently, and had a lower BMI than those who were not included, despite both groups having the same age.
Over the 9 years of the study, incident diabetes was more frequent in men than women 6.2% vs 2.8% (P<.0001). Age, BMI, waist circumference, hypertension, glucose and genetic risk score were risk factors for incident diabetes for both sexes (Table 1) ; however, smoking was only a risk factor for men, and diabetes in the family only for women.
Overall, 18% of men and 20% of women had a firstdegree family member with diabetes, and 28% of men and 31% of women had first-or second-degree relatives with diabetes. Among women with incident diabetes, 43% had a first-degree family member with diabetes, in contrast to 21% for men. The Kaplan-Meier curves take account of censoring, and show a slightly higher risk of diabetes for men (P=0.5728), but a highly significant difference for women (P<0.0001) according to whether they had a first-degree family history of diabetes (Fig. 2) . The corresponding ageadjusted hazard ratios were 1.21 (95% CI 0.80, 1.85) and 3.02 (95% CI 1.83, 4.99), and these differed between sexes (P interaction =0.0060; Table 2 ).
For women, for all family members and combinations of family members with diabetes, the risk of incident diabetes was approximately doubled (Table 2) ; by contrast, for men, hazard ratios were mostly >1, but did not reach statistical significance. For women the highest hazard ratio 4.16 (2.35, 7.37) was when the mother had diabetes, higher than when ª 2017 Diabetes UK the father had diabetes 2.31 (1.16, 4.62); these results changed little if the parents were diagnosed with diabetes before age 60 years.
The age-adjusted hazard ratios according to the number of family members with diabetes were not stable because of the small numbers in the categories (Table 2 ). Using the number of family members as a continuous variable, with the four classes of first-degree relatives shown in Table 2 , for men the hazard ratio was 1.02 (95% CI 0.73, 1.43) and for women it was 1.49 (95% CI 1.22, 1.83) for an increase in one class; for the five classes of first-or second-degree relatives, the hazard ratios were similar.
The genetic risk score was associated with incident diabetes in both men and women, with similar hazard ratios 1.10 (95% CI 1.06, 1.15) and 1.08 (95% CI 1.02, 1.14), respectively, for an increase of one at-risk allele (Table 2) . In multivariable models, including both the genetic risk score and a first-degree family history of diabetes, the genetic risk score alone was predictive of diabetes in men, whereas in women, a first-degree family history remained predictive of diabetes, along with the genetic risk score (Table 3) . These results were attenuated after adjusting for the other risk factors for diabetes in this population, namely waist circumference, hypertension and smoking.
In a Cox model sensitivity analysis, with the date of diabetes diagnosis coded mid-way between examinations, the age-adjusted hazard ratios associated with first-degree family members were 1.22 (95% CI 0.80, 1.85) and 3.02 (95% CI 1.83, 4.99), for men and women respectively, with a difference between sexes (P interaction =0.0062). Using age as For the maternal transmission of diabetes, the hazard ratio for a mother transmitting diabetes to a daughter was higher than for a father, 4.16 (95% CI 2.35, 7.37) vs 2.31 (95% CI 1.16, 4.62), but both CIs were wide; for sons, a higher odds ratio was associated with the father than with the mother, but neither was statistically significant (Table 2 ). For the transmission of diabetes in the previous generation, from the grandparents to the fathers and mothers of the men and women in the D.E.S.I.R. study, there was a trend towards a maternal vs paternal transmission from their parents, with respective odds ratios 6.02 (95% CI 4.00, 9.05) vs 4.00 (95% CI 2.31, 6.93) for fathers and 8.17 (95% CI 5.61, 11.85) vs 4.07 (95% CI 2.37, 6.97) for mothers. No other statistically significant results were seen for maternal associations from paternal vs maternal uncles and aunts, for siblings or for children.
Discussion
In the present study, we found that a first-degree family history of diabetes in women was associated with three times the risk of incident diabetes in comparison with their peers without such a family history; this risk was strongest for a transmission of diabetes from their mothers, but was also statistically significant for a transmission from their fathers. These associations remained significant after adjusting for a diabetes genetic risk score and other diabetes risk factors. By contrast, for men, there was no association between the incidence of diabetes and the presence of diabetes in any member of the family. The inclusion of the second-degree family members increased the frequency of a family history, but changed the hazard ratios little.
Other studies have shown that a family history of diabetes remains predictive of incident diabetes after accounting for genetic risk scores. In the Framingham Offspring Study, the sex-adjusted odds ratio for a parental history of diabetes associated with incident Type 2 diabetes in offspring was not attenuated after adjusting for an 18-loci diabetes genetic susceptibility score [7] . A more recent Framingham Study analysis with 62 loci, estimated that 9% of the association with parental diabetes was mediated by the genetic score [8] . In the InterAct study, a 35-loci genetic score explained only 2% of the first-degree family history associated with incident diabetes [9] . These studies did not analyse incident diabetes separately in men and women or in relation to a paternal and/or maternal diabetes transmission. Kong et al. [10] emphasize the importance of parental origin in complex diseases: an allele may be protective when inherited from one parent but be a risk allele when inherited from the other parent.
In the present study in France we found that diabetes was transmitted to daughters of both men and women with diabetes. Few studies have separated men and women when studying diabetes incidence. In the European InterAct study, men and women had an equal propensity for transmission of diabetes from first-degree relatives [2] , but we have not found any other studies of incident diabetes analyzed according to sex. Svensson et al. [4] showed, in a crosssectional study of a Danish population, that more women than men had a parental transmission of diabetes, with a prevalence ratio of 1.19 (1.10, 1.30); however, this ratio was much lower than our observation of a two-to fourfold higher transmission to daughters than to sons. In the Fremantle Diabetes Study of people with diabetes, there was a marginally higher frequency of women having a family history of diabetes (33%) in comparison to men (29%) [3] . In Europe in general, diabetes is more frequent in men than in women. In the InterAct study the pooled hazard ratio for incident diabetes in men vs women was 1.51 (95% CI 1.39 to 1.64), with a higher hazard ratio in each of the 18 cohorts [2] . In the present study, incident diabetes was twice as frequent in men. Despite this, we saw a statistically significant transmission of diabetes only to the women, not to the men. It would appear that the diabetes risk of the men in the present study was not attributable to their family environment, but to other aspects of their environment, with a marginal effect of genes.
Differential effects by sex have also been noted for some of the key risk factors for diabetes. In the European RISC study [11] , for people with a family history of diabetes, insulin sensitivity was reduced more in men than in women. In the Botnia Study, Groop et al. [12] found a lower insulin response to an oral glucose tolerance test in male offspring of mothers who had diabetes, but no differential associations were observed for insulin-stimulated glucose metabolism. Unfortunately, in the present study we had a very crude estimate of b-cell function, the homeostatic model assessment index, and no association was found according to sex for insulin sensitivity according to homeostatic model assessment of insulin resistance (data not shown). In the Generation Scotland study, the daughter's glucose level was higher in the presence of maternal but not paternal diabetes, but there were no mother-son, father-son associations [13] .
Risk factors for diabetes may be transmitted from parents to offspring through common lifestyles (e.g. diet, physical activity, smoking), genetic profiles, epigenetics and other factors [14] . Maternal transmission has been studied (see below), and some studies indicate that the paternal diet may be involved [15, 16] . To our knowledge there are no hypotheses or data showing a preferential transmission only to daughters, from either fathers or mothers.
Early-life programming could differentially affect boys and girls. At birth, girls are more insulin-resistant than boys, their C-peptide levels are associated with a slower growth rate in the first year of life, and thinness in infancy is associated with diabetes in later life [17] . We do not have data on birth weight and length, parity of the mothers, number of siblings and rank in the family. Whether the mother had gestational diabetes may be important, but diabetes appeared to be transmitted from both mothers and fathers to their daughters.
We have little evidence of a maternal transmission of diabetes in the D.E.S.I.R. study. The studies that have shown such an association have often been cross-sectional studies of people with diabetes or impaired glucose tolerance, as cited by Meigs et al. [1] . However, not all of these studies has shown a maternal transmission; a Swedish study found equally high prevalence odds ratios of 4.4 for both maternal and paternal associations in men newly diagnosed with diabetes [16] . Despite its title, 'Type 2 diabetes and maternal family-history', an article describing a 22.5-year prospective study in a general population of Norwegian men, there was a significant association of incident diabetes with maternal but not with paternal diabetes, but the two relative risks did not differ, even after adjusting for multiple Type 2 diabetes risk factors [18] .
Strengths of the present study are that it included a relatively large population of >4000 people, followed for 9 years, with the same protocol at each of the four 3-yearly health examinations. Family history of diabetes questions were extensive, but we present mainly the associations with first-degree relatives and with mothers and fathers, as there did not seem to be a high propensity for clustering. Family history of diabetes was not validated, but it is the knowledge that the individuals have of their family that could potentially be used to predict their risk of diabetes. As this was a prospective study, there was no differential recall bias, as family history was reported before incident diabetes. Further, while we can be fairly certain that the mother was the biological mother, we cannot always be equally certain for the father. Also, we cannot be sure that there was no sex-differential knowledge of diabetes in the family, but similar percentages of men and women (18% vs 20%) reported a first-degree family history of diabetes. A limitation of the study is that, although none of the incident cases of diabetes was Type 1 diabetes as none were treated with insulin, the possibility of Type 1 diabetes in some family members cannot be excluded. Another limitation was the missing data on whether or not various family members had diabetes, but there was no large difference in characteristics between those who did and did not complete the questionnaire on family history.
The date of a diagnosis of diabetes is never precise; in this study, participants were only examined every 3 years, and for this reason we used a method of analysis for interval-censored data. Our numerical results appear to be robust, however, as the hazard ratios found in the sensitivity analyses were very similar, as well as those from the logistic regression models (data not shown).
For parents with diabetes diagnosed after the age of 60 years the analyses did not provide any additional insights; the hazard ratios had wider CIs because of the smaller numbers involved and there were no statistically significant sex interactions.
In conclusion, the present study showed a strong relation between familial diabetes and incident diabetes in women, but not in men, in a French cohort. For women, the risk of diabetes was strongest for transmission of diabetes from mothers, but the risk was also high, and statistically significant for transmission from fathers. This association remained after adjusting for Type 2 diabetes risk factors and a Type 2 diabetes genetic risk score. Studies from other cohorts are required to validate or refute the present results, and if these results are confirmed, more effort needs to be made with regard to screening and providing diabetes Table 3 Hazard ratios (95% CI) for incident diabetes by sex, according to a first-degree family history of diabetes* and a diabetes genetic score, adjusted for age and other characteristics at baseline 
